Prolactin (PRL) is widely considered to be the juvenile hormone of anuran tadpoles and to counteract the effects of thyroid hormone (TH), the hormone that controls amphibian metamorphosis. This putative function was concluded mainly from experiments in which mammalian PRL was injected into tadpoles or added to cultured tadpole tissues. In this study, we show that overexpression of ovine or Xenopus laevis PRL in transgenic X. laevis does not prolong tadpole life, establishing that PRL does not play a role in the life cycle of amphibians that is equivalent to that of juvenile hormone in insect metamorphosis. However, overexpression of PRL produces tailed frogs by reversing specifically some but not all of the programs of tail resorption and stimulating growth of fibroblasts in the tail. Whereas TH induces muscle resorption in tails of these transgenics, the tail fibroblasts continue to proliferate resulting in a fibrotic tail that is resistant to TH.
M
etamorphosis in amphibians and insects is similar in many aspects and is controlled by thyroid hormone (TH) and ecdysone, respectively. The effects of both hormones are mediated by receptors that are ligand-dependent transcription factors and belong to the nuclear receptor superfamily. Another well established hormone that is involved in insect metamorphosis is juvenile hormone (JH). JH counteracts the metamorphic effects of ecdysone. The levels of JH are high during larval stages, and only when the level of JH drops after the last instar does metamorphosis occur (1) .
The influence of prolactin (PRL) on amphibian metamorphosis has been the subject of many studies with contradictory results. In particular, administration of mammalian PRL has been reported to have antimetamorphic effects and to prolong the tadpole life of many amphibian species (2) (3) (4) . It has also been reported that mammalian PRL counteracts the effects of TH when added to cultured tadpole tissues (5, 6) . These observations have led to a widely held belief that PRL has the biological role of a ''juvenile'' hormone in amphibian metamorphosis (7, 8) . It was predicted that the levels of endogenous PRL, just like that of JH in insects, should be high at premetamorphosis and prometamorphosis stages and then drop at the climax of metamorphosis (7) . However, the direct measurements of both endogenous PRL mRNA (9, 10) and protein levels of PRL in the serum (11, 12) showed them to be low at premetamorphosis and prometamorphosis stages rising substantially only at the climax of metamorphosis, a result that does not support a juvenilizing role for endogenous PRL. Furthermore, the interpretations of earlier experiments were confounded by the questionable purity and unknown specificity of mammalian hormone preparations.
In this paper, we reinvestigate the role of PRL in X. laevis metamorphosis. Transgenic X. laevis tadpoles overexpressing either X. laevis PRL (xPRL) or ovine PRL (oPRL) reached the metamorphic climax at the same time as nontransgenic siblings. Therefore, we conclude that PRL does not play a normal biological role in amphibians that is equivalent to that of JH in insect metamorphosis. However, overexpression of PRL, especially oPRL, produces tailed frogs by inhibiting specifically some but not all of the programs of tail resorption and stimulating growth of fibroblasts in the tail.
Materials and Methods
The xPRL and oPRL cDNA Plasmids. The coding region of xPRL (10) was amplified by PCR with primers 5Ј-CGCGGATCCATA-ATGATTGATCCGATG-3Ј and 5Ј-CAAATGAATTCCTAA-CAGTTGCTGTCATG-3Ј by using pfu polymerase (Stratagene) and cloned into the BamHI and EcoRI sites of the pCS2ϩ vector (13) . The coding region of xPRL was also amplified with primers 5Ј-GCGCGGATCCACAGCCACCATGAT TGATCCGA-TGGACTC-3Ј and 5Ј-CAAATGAATTCCTAACAGTTGCT-GTCATG-3Ј to incorporate an optimal Kozak sequence for translation initiation. The coding region of oPRL (14) was amplified with primers 5Ј-CGACGGATCCACCACCATGGA-CAGCAAAGG-3Ј and 5Ј-CGCGGAATTCGGGCTTAGCA-GTTGTTGTTG-3Ј and cloned into the BamHI and EcoRI sites of the pCS2ϩ vector. The coding region of xPRL receptor A (xPRLR-A) was amplified by PCR with primers 5Ј-CGGAG-AATTCACAGCCACCATGCCGCAGAACTTGGCACC-3Ј and 5Ј-GCGCCTCGAGTTAAGAAAGAAAAGCTGAAG-GATCC-3Ј and cloned into the EcoRI and XhoI sites of the plasmid pCSGFP3 (a gift of Enrique Amaya, Wellcome͞CRC Institute, Cambridge, U.K.) replacing green fluorescent protein.
Cloning of xPRLR cDNAs, Northern Blots, and Cell Culture Assays.
Reverse transcription-PCR was performed by using RNA isolated from tadpole tail and degenerate primers corresponding to well conserved regions of PRLR between mammalian, avian, and fish species. Primers used were 5Ј-CCHGANAARGA-RACHTTYACHTGYTGGTGG-3Ј, which corresponds to the conserved peptide PE(D)KETFTCWW, and 5Ј-CCTTTDA-TYTTWGGNCCNGGNACTGGNGG-3Ј, which corresponds to the conserved peptide PPVPGPKIKG. The PCR condition was 3 cycles of 94°C for 30s, 55°C for 1 min, and 72°C for 3 min, followed by 30 cycles of 94°C for 30 s, 60°C for 1 min, and 72°C for 2 min. The hot-start PCR technique was applied with the AmpliWax PCR Gem 100 wax bead (Perkin-Elmer). The amplified fragment was cloned, sequenced, and used to screen a tail cDNA phage library as described (10) . Two copies of xPRLR cDNA (xPRLR-A and xPRLR-B) were identified. The xPRLR-A cDNA was used in these experiments. The methods for Northern blot, cell culture, and transient transfection have been described (15) . (19) were stained with hematoxylin and eosin.
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Results
Cloning of xPRLR cDNA. To compare the specificity of xPRL and oPRL, the hormone that has been administered most frequently to tadpoles in earlier studies, we cloned the xPRLR cDNA. A DNA fragment was amplified by PCR from tadpole tail cDNA by using degenerate primers corresponding to conserved regions of PRLR between mammalian and avian species. The amplified fragment was cloned, sequenced, and used to screen a tadpole tail cDNA library. Two 2.3-kilobase full-length cDNA clones (xPRLR-A and xPRLR-B) were identified that encode 611 amino acid residues. They are 87% identical to each other and 44-52% identical to mammalian PRLRs. Sequences of xPRLR that are most highly conserved include positionally conserved cysteines, the WSxWS motif, and the proline-rich box 1 region (20) . The intracellular domain of the receptor is more diverged than its extracellular domain. xPRLR mRNAs were expressed uniformly at all stages of tadpole development in the whole body (Fig. 1A) . However, expression of xPRLR mRNA rises in the tail late in climax to about five times the level in the head (Fig. 1B) . Just as the developmental expression of xPRL by the pituitary gland was shown not to correlate with an expected role as a JH (10), neither does the developmental expression pattern of xPRLR during metamorphosis.
Specificity of xPRL and oPRL. xPRL, oPRL, and X. laevis growth hormone (xGH) were tested for their interaction with xPRLR by a transient transfection assay (21) . xPRL and xGH were prepared by transfecting human embryonic kidney fibroblast 293 cells with DNA constructs expressing xPRL and xGH, respectively. The hormone was secreted into the culture medium, and its concentration was quantified by Western blotting (data not shown). The relative affinity of xPRL and oPRL for xPRLR was compared by a dilution series of both hormones (Fig. 2) . At concentrations of 50 ng͞ml or higher, oPRL and xPRL induced luciferase activity equally well. At concentrations of 10 ng͞ml or lower, xPRL induces the reporter much better than oPRL, suggesting that xPRL has a higher affinity for xPRLR than does oPRL. xGH does not activate xPRLR even at 500 ng͞ml (Fig. 2) . Interestingly, oPRL but not xPRL cross-reacts with xGH receptor significantly at a concentration of 250 ng͞ml or higher (15) .
Overexpression of PRL.
To test the effect of high levels of PRL on metamorphosis and compare the effects of xPRL and oPRL, transgenic tadpoles were produced overexpressing xPRL or oPRL driven by a cytomegalovirus promoter. There was no obvious difference between transgenic and nontransgenic tadpoles before stage 50. After stage 50, transgenic tadpoles of both xPRL and oPRL grew bigger and longer tails than their nontransgenic siblings. At stage 59, the onset of the climax of metamorphosis, the tails of both xPRL and oPRL transgenic tadpoles were about 15% longer than control tails. oPRL transgenic tadpoles weighed about 30-50% more than controls at stage 59 (15) . There was no significant difference between the weights of xPRL transgenics and controls, suggesting that the increased weight of oPRL transgenics could reflect the activation of xGH receptor by oPRL (15) . Both xPRL and oPRL transgenics reached stage 59 within the same time range as controls (Fig. 3) . Thus, tadpole life was not prolonged in transgenics overexpressing either xPRL or oPRL. After stage 59, gill resorption occurred normally in transgenics, producing a stage 63 tadpole with a long tail. In control tadpoles, tail resorption is completed in the next 3-5 days, and the froglets begin to eat worms. These transgenic tadpoles begin eating worms at the same time as controls, but they do not resorb their tails (Fig. 4 A-D) . In normal tadpoles at climax, the dorsal and ventral fins resorb first (Fig. 5A) . Next, tail muscle loses its characteristic repeated chevron structure, and the muscle cells die as the notochord collapses allowing the tail to shorten (19) . In tadpoles overexpressing oPRL, the muscle resorbs at the same time as it does in controls, and there is some localized collapse of the notochord often at the junction of the tail and body. Remarkably, the fins do not resorb. In fact, they continue to grow in the tailed frog (Figs. 4 E and F and 5 B and C) .
The permanent tail that develops in these otherwise normal frogs maintains a notochord through most of its length. There is a spinal cord, huge fibrotic fins, and a dominant dorsal and ventral blood vessel. The only remaining muscle is the pairs of dorsal and ventral repeating bundles of slow muscle referred to as ''cords'' (22) . The tail is full of collagen-producing cells as detected by collagen-specific stains and by in situ hybridization of known collagen genes (data not shown). Tails of tadpoles overexpressing either oPRL or xPRL were about 15% longer than those of controls, but oPRL was much more potent in inhibiting tail resorption than xPRL. Of 38 tadpoles transgenic for oPRL, 35 became tailed frogs, whereas only 8 of 49 tadpoles transgenic for xPRL retained their tails. The tails retained by xPRL frogs are smaller than those of oPRL frogs, although they share the same structural features described above.
The retained tails are remarkably resistant to TH. On day 11 after tailed frogs began to eat worms, they were treated with different concentrations of TH. A concentration of 10 nM T 3 had no effect on tails in 3 weeks; 50 nM T 3 caused tails to shorten in half in 10 days. However, the remaining tail did not shorten further. It was fixed for histology 3.5 weeks after the addition of T 3 . The TH-induced shortening is probably due to the partial loss of the notochord sheath, which is a required step in normal tail resorption (19) . The muscle ''cords,'' which are normally the last muscle elements to be resorbed in the tail (22) , are the only muscles that remain in these fibrotic tails. They actually are larger as a result of TH-induction perhaps because of synthesis of new cord muscle (data not shown).
Discussion
These results show that PRL overexpression does not influence the time it takes tadpoles to reach metamorphic climax (Fig. 3 ).
This experiment contradicts those studies that led to the original conclusion that PRL is a JH. These were mainly ''overexpression'' studies in which mammalian (usually ovine) PRL was injected into tadpoles (2) or added to cultured tadpole tissues (5, 6) . However, it has been reported that the injection of ovine PRL (oPRL) antiserum accelerates TH-induced metamorphosis in Rana catesbeiana tadpoles (23) . However, these authors pointed out that oPRL antiserum did not cross-react with any protein in a Rana tadpole pituitary homogenate, questioning the interpretation of these antiserum injection experiments. We have confirmed that at least one excellent oPRL antiserum obtained from the National Institute of Diabetes and Digestive and Kidney Diseases National Hormone and Pituitary Program (AFP-C3581016789) does not cross-react with xPRL (data not shown). Subsequently, it was reported that a homologous bullfrog PRL antiserum could also accelerate bullfrog metamorphosis, although it was not shown whether that antiserum could neutralize bullfrog PRL (24) . The growth rate of mice has been reported to decrease when they are treated with PRL antiserum (25) . However, transgenic mice lacking either the PRLR (26) or PRL gene (27) grow at the same rate as controls.
We were unable to detect xPRL protein in the serum of control or xPRL transgenic froglets by Western blot, whereas oPRL protein could be detected in the serum of oPRL transgenic froglets (data not shown). Therefore, a PRL concentration difference might account for the different severity of the phenotype of oPRL and xPRL transgenics. The reason that xPRL protein level was lower in serum is not clear, although the xPRL transgene mRNA was abundant and easily detected by Northern blotting (data not shown). xPRL cDNA with an optimal Kozak consensus sequence and one with the endogenous sequence for translation initiation were used for transgenesis and produced the same percentage of tailed frogs. To date, the tailed frogs overexpressing oPRL are 7 months old and healthy. The males are sexually mature, and one of them has mated successfully. These F 0 frogs grow slightly faster than control frogs, but their growth rate is much slower than that of the frogs overexpressing xGH (15) . As the frogs grow, most of the tail is lost, probably by necrosis caused by inadequate blood supply, leaving a small fibrotic tail stump.
The tail fibroblasts normally are induced by TH at climax to change their synthetic program from the production of collagen as part of a growth program to one that includes proteolytic enzymes as part of the resorption program (19) . Overexpressing PRL clearly stimulates a fibroblast growth program, agreeing with the earlier observation that excess PRL stimulates collagen synthesis in tadpole tail fins (28) . The tails of these transgenic frogs are remarkably resistant to added TH, an observation that has been made repeatedly on in vitro cultures of tail fins (6) . The persistent notochord sheath can be induced to resorb by adding TH. The tails of transgenic frogs persist presumably because of the fibrotic fins and the continued and augmented synthetic activity of the fibroblasts. The normal tadpole tail has a higher level of PRLR mRNA at the climax of metamorphosis than at premetamorphosis (Fig. 1B) , but the combination of this increased receptor mRNA level and the rise in endogenous PRL that occurs at climax (10) is unlikely to play a role in the timing of tail resorption. The fins are normally the first tail structures to resorb at the climax of metamorphosis. We have prepared transgenic tadpoles overexpressing both oPRL and xPRLR with the idea that the metamorphic changes of tissues and organs other than the tail could be inhibited by excess oPRL when they express higher levels of xPRLR. However, in those animals, only tail resorption was inhibited (data not shown).
The inhibition of tail resorption by excess PRL is a ''pharmacological'' effect that might even be transmitted through a receptor other than the xPRLR. However, the remarkable 
